'The Catchers in the rye'
Introduction
A distinctive feature of the rye (Secale cereale) chromosomes is the presence of massive blocks of subtelomeric heterochromatin, the size of which correlates with the copy number of tandem repeats [1, 2] . Subtelomeric, or telomere-associated, rye heterochromatin is enriched with a few multi-copy tandemly organized DNA families [3, 4] . Two of them, pSc200 and pSc250, have monomer lengths of 379 and 571 bp, respectively, and belong to classic tandem repeats, or satellite DNA [1] . We previously demonstrated by double target fluorescence in situ hybridization (FISH) that both sequences occur together and give mostly overlapping strong signals at the ends of most arms of the metaphase chromosomes. We also estimated the length, composition and distribution of monomers within the individual terminal DNA arrays on separate rye chromosomes for S. cereale by performing dual-label FISH with authentic telomeric and two subtelomeric probes, pSc200 and pSc250, to extended DNA fibers [1] .
In human, the identification of individual chromosomes is facilitated by using GTGtechnique and/or bivariate analysis after staining with AT-and GC-binding fluorochromes. Due to similar size of all 14 rye chromosomes that cannot be resolved by flow sorting, the use of microsatellite loci, with significant levels of polymorphism, have been adopted to produce detailed chromosome maps [5, 6] . Nevertheless, flow karyotyping and chromosome sorting would facilitate the analysis of the complex rye genome including construction of chromosome-specific BAC libraries and next-generation sequencing. Chromosome sorting would allow determination of telomere lengths for each particular chromosome separately. One of the most promising applications of flow-sorted chromosomes is the construction of chromosome-specific libraries, which can be used for different purposes [7] . Here, we compare the rye accessions chromosome polymorphism using flow sorting and fluorescence in situ hybridization with probes for chromosome identification.
Materials and Methods

Plant material
The material analysed consisted of three cultivars of rye (Secale cereale), Selgo (IEB collection), Imperial seeds were kindly provided by S. M. Reader (John Innes Centre, Norwich, UK) and Zhyttedaine (IMBG collection).
Root tips were pretreated in ice-cold water for 24-28 h and fixed in ethanol-acetic acid (3:1). After preparation the slides were checked carefully by phase contrast. The karyotypes were established by using at least 20 high quality metaphase chromosome spreads from at least 5 slides made from 5-7 seeds of each genotype.
DNA probes and labelling
Two non-homologous subtelomeric repetitive sequences, pSc200 (accession number Z50039.1) and pSc250 (accession number Z50040.1), were cloned from S. cereale. For in situ hybridization, the clones were labelled with digoxigenin-11-dUTP (Roche) and biotin-11-dUTP (Roche) by the polymerase chain reaction (PCR). FISH probe for 45S rDNA was obtained by labelling the pTa71 DNA clone containing the 26S rRNA gene with digoxigenin-11-dUTP. 5S rDNA is contained in the pTa794 probe prepared from 400 bp insert of a part of the 5S rRNA gene and labelled with biotin-16-dUTP (Roche). Both probes were labelled by PCR using M13 direct and reverse primers.
Preparation of chromosome suspensions and flow cytometry
The chromosome suspension from synchronized root tip meristems was prepared as described by Vrana et al. [7, 8] . Briefly, the major stages of procedure included cell cycle synchronization and accumulation of metaphases in root tips using hydroxyurea treatment solution (2.5 mM). Formaldehyde fixative of final concentration 2 % was used. Duration of hydroxyurea treatment (18 h), recovery time (7 h for Selgo, 8 h for Imperial and 10 h for Zhyttedaine) and treatment with ice water (20 h on average) were estimated for each accession individually. Preparation of mitotic chromosomes solution followed by flow cytometric analysis and identification of sorted chromosomes [8, 9] . Estimation of chromosome purity was carried out by FISH. Chromosome content of the peaks was determined after double FISH on sorted chromosomes using various combinations of probes for pSc200 and pSc250 repeats, GAA microsatellite, and 5S rDNA.
Fluorescence in situ hybridization and microscopy
The methods for chromosome slide preparation and in situ hybridization were adapted from the protocols developed by Schwarzacher and Heslop-Harrison [10] . Briefly, root tips of seedlings were fixed, partially digested with 1 % cellulase and 1 % pectinase enzymes for 60 s at 37 °C, and cells were spread on slides. The probes were labelled, denatured (70 °C for 5 min), applied onto the slides, then probes and slides were denatured together at 80 °C for 2 min. The concentration of formamide in the hybridization mixture, containing 2×SSC, was 40 or 50 %. After the overnight hybridization at 37 °C, the slides were washed, with the most stringent wash at 42 °C in 20 % formamide, 0.1×SSC. The hybridization signals were detected using antidigoxigenin conjugated to fluorescein isothiocyanate (Roche). Sites of probe hybridization to chromosomes were detected with antidigoxigenin-FITC antibodies (fluorescing green) or Cy3-conjugated streptavidin (red). After detection, the slides were washed, counterstained with 4'6-diamidino-2-phenylindole (DAPI), and analysed with appropriate filters on a Leica epifluorescence microscope. The slides also were evaluated using Olympus BX 60 microscope.
Results
Chromosome sorting
The flow cytometric analysis indicated that the composite peak of 'Selgo' was comprised of chromosomes 1R-7R (Fig. 1 A) . Flow karyotype of 'Imperial' contains two peaks representing the chromosomes of rye 2R-7R whereas the shoulder contains the chromosome 1R (Fig. 1 B) . We have identified this chromosome after sorting procedure using FISH with two probes, subtelomeric pSc250 and pTa71 for 45S rDNA locus which defined the NOR (Nucleolus Organizing Region). To date, rye 'Imperial' was the only S. cereale variety, the flow karyotype of which differed from this typical pattern and the peak of chromosome 1R was clearly separated from the composite peak, and the chromosome could be sorted [9] .
The flow cytometric analysis of metaphase chromosomes isolated from rye 'Zhyttedaine', resulted in flow karyotype also consisting of two composite peaks (Fig. 2 A) . The chromosome 1R being the smallest from the 'Imperial' chromosome set was considered as the only one, which can be sorted individually. We showed for the first time the second accession 'Zhyttedaine', the chromosome of which could be sorted allowing the discrimination of the chromosome 1 in rye karyotype. The flowsorted chromosome 1R after double FISH with a FITC-labelled probe for 45S rDNA (the probe highlights NOR in yellow-green colour) and Cy3-labelled probe for rye specific repeat pSc250 (red colour) is shown on the Fig. 2 . The chromosomes were counterstained with DAPI (blue colour) (Fig. 2 B) .
Flow karyotypes obtained after analysis of DAPI stained chromosomes in S. cereale easy discriminate the 1R chromosomes and allow the sorting of great amount with a high purity, more than 90 %, that was confirmed by FISH. In both accessions, the 1R chromosomes formed a separate peak on the flow karyotype which allowed their sorting.
Chromosome location of GAA and 5S rDNA repeats
FISH with GAA microsatellite and 5S rDNA probes revealed polymorphisms in distribution of the GAA repeats on the long arm of chromosome 5 between two rye accessions, 'Selgo' and 'Zhyttedaine' (Fig. 3) . Three chromosomes, namely 1R, 3R and 5R possess clear 5S rDNA signals on short chromosome arms in both accessions. By contrast, GAA repeat recognizes microsatellite loci differences and enables the discrimination of chromosome pairs in S. сereale.
Discussion
Chromosome localization of repeats and intervarietal chromosome polymorphisms
Previously, refereeing the description of the rye chromosome nomenclature of Sybenga [5] , we compared the karyotypes of three rye varieties, Petkus, Imperial and Onohoiskaya [11] . The distribution of both tandem repeats, pSc200 and pSc250, on the chromosomes of S. cereale showed that in all three varieties, the chromosomes 1R (carrying the nucleolus organizing region), 3R, 5R and 6R yielded no intervarietal differences in the location and number of pSc200 sites. This probe gave strong signals at the ends of both chromosome arms with variable intensities corresponding to the size of heterochromatic bands. Intervarietal polymorphism in distribution of pSc200 was revealed on the chromosomes 2R and 4R. While Petkus was labelled with pSc200 on all chromosome arms, a hybridization signal was absent from the long arm of both homologues of Imperial chromosome 4R. The long-range organization of tandem arrays Fig. 3 . Fluorescence in situ hybridization of GAA repeat and 5S ribosomal DNA on rye chromosomes, S. cereale. Double FISH with a FITC-labelled probe for GAA microsatellite (the probe highlights ribosomal DNA in green colour) and Cy3-labelled probe for 5S rDNA repeat (red colour). The chromosomes were counterstained with DAPI (blue colour).
was reported by us previously [1] . The rye varieties, Petkus, Imperial and Onohoiskaya, showed polymorphism for the presence and the size of the pSc200 in situ hybridization signals on the chromosome pairs, 2R, 4R and 7R, and the pSc250 signals on chromosomes, 5R, 6R and 7R. Differences in the distribution of chromosome polymorphism imply that intervarietal changes in these highly repetitive DNA families occurred independently, despite their juxtaposition or even overlapping locations in subtelomeric heterochromatic regions [3] . The organization of tandem repeats in high-ordered tandem arrays, localization at the ends of all rye chromosomes by FISH mapping on metaphase chromosomes and absence in wheat genome made them the reliable markers for the physical mapping of the terminal regions in varieties, closely related relatives of S. cereale. The diverse patterns of site hybridi zation for these DNA families were demonstrated in two Dasypyrum species that evidenced the independent origin and confirm their status as separate evolution units [4] . The results are an important evidence due to the changes observed in karyotypes.
Identification of Secale cereale chromosomes and rye genome analysis
In situ hybridization with two non-homologous highly repetitive DNA sequences, pSc200 and pSc250, showed chromosome-specific loca liza tion allowing the identifcation of the majori ty of rye chromosome arms [1, 11] . The additional sites for chromosome identification were demonstrated using GAA microsatellite repeat and pTa794 probe, the fragment of 5S ribosomal DNA. Since the chromosomes 1R and 3R have similar pattern of in situ hybri diza tion with pSc200, pSc250 and pSc119, altogether these DNA sequences allow discrimination of all S. cereale chromosomes in Selgo and Zhyttedaine accessions (Fig. 3) . Unlike Selgo chromosomes, newly derived accession Zhyttedaine did not show polymorphism for the presence and size of GAA signals on the chromosome 5R (Fig. 3) .
The rye genome analysis at molecular le vel is impeded because of its large size (1С = 7900 Mbp), i.e. 1.4 times larger than that of the diploid ancestors of hexaploid bread wheat. Repeats may equal more than 90 % of the rye genome. The analysis may be facilitated by the availability of subgenomic (chromosome specific) DNA libraries. The chromosome 1R represents not only significant part of the rye genome, but also a range of economically important accessions of the wheat genomes [12] .
The repetitive DNA sequence evolution may be accelerated when an organism is subjected to some stress: different environmental factors, wide hybridization, in vitro cultivation. The suggested tendency of cereal genomes to expand in size over evolutionary time has been attributed mainly to retrotransposons [3, 13] . However, it is likely that the expansion of highly repetitive tandemly organized DNA sequences also contribute to this process, at least as much as retrotransposons, because of their high copy number [1, 2] . Basically, the array homogenization and DSB-related repair mechanisms generate the increased structural heterogeneity [2, 14] . When investigating the positioning of chromosomes during the cell cycle in live mammalian cells, a combined experimental and computational approach has shown a striking order of chromosomes throughout mitosis [15, 16] . Based on the tracking of labelled chromosomes during chromosome segregation, these results demonstrate that the global chromosome positions were heritable, that is the sister chromatid separation transmits the positions to the next cell generation.
Conclusions
All chromosomes have definite basic features, but each individual chromosome differs by the size and molecular organization of separate repetitive DNA arrays. The isolation of particular plant chromosomes by flow sorting was developed and optimized in the laboratory of Prof. Dolezel (Institute of Experimental Botany, Olomouc, Czech Republic) [8] . The procedure allows identification of the alien rearranged chromosomes on the host background and even discrimination of the chromosomes differed by telomere-associated DNA due to fine tune lazar capacity. Intervarietal chromosome polymorphisms allow the creation of plant models for investigation of significant processes in plant genetics such as chromosome segregation and recombination, somatic chromosome reduction or assortment [17] . The constructed by now the chromosome-specific rye libraries facilitate deciphering and interpretation of the complex rye genome. The use of various rye accessions with a diverse homologous chromosomes banding is an excellent system approach to research the somatic segregation phenomenon.
